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An electrospray ionization mass spectrometry based assay was developed for kinetic mea-
surements and inhibitor screening of yeast hexokinase. There is considerable discrepancy in
the literature as to the accuracy of kinetic data obtained for hexokinase. In the assay described
herein, the product, glucose 6-phosphate was directly monitored by ion trap mass spectro-
metry and quantified using an internal standard, 2 deoxy-glucose 6-phosphate. The kinetic
parameters, KM and Vmax for the two substrates were determined without using a coupling
enzyme as is normally employed in the traditional spectrophotometric assay for systems
lacking a chromophore. In addition, hexokinase was successfully immobilized onto an
amino-link gel, and a mock library was screened against the immobilized enzyme for the
identification of possible inhibitors. After comparing the mass spectra of the library before and
after incubation, trehalose 6-phosphate, ADP, and oxidized glutathione were differentiated
from other weak or non-inhibitors. Inhibition behavior of ADP with respect to ATP was further
evaluated with the ESI-MS assay and the value of Ki was determined. This ESI-MS assay was
demonstrated to be both accurate and precise for determining kinetic constants and for
identifying enzyme inhibitors. (J Am Soc Mass Spectrom 2003, 14, 173–181) © 2003 American
Society for Mass Spectrometry
Hexokinase (HK, ATP-D-hexose-6-phospho-transferase) is a relatively nonspecific enzymethat catalyzes the transfer of a phosphate group
from ATP to hexoses, such as D-glucose, D-mannose,
and D-fructose. It acts as the first enzyme in the process
of glycolysis by converting glucose into glucose 6-phos-
phate. Significant physiological roles for hexokinase
have been demonstrated in glucose uptake/oxidation
[1, 2], controlling the pentose phosphate pathway [3],
and energy metabolism [4]. It is an important enzyme in
glycolytic systems and has been involved with the
design of metabolically significant compounds [5, 6]. In
studying the properties and functions of hexokinase,
KM and Vmax for substrates and Ki for inhibitors are
usually determined through steady-state kinetics mea-
surements. Differences in substrate specificity and ki-
netic properties of isoforms of hexokinase can be used
to distinguish disease-associated bacteria from non-
pathogenic species [7]. The values of KM and Vmax have
been applied to the differentiation of hexokinases from
different sources of maize roots [8, 9], and Teijon and
co-workers [10, 11] studied the interaction of hexoki-
nase with toxic metals by measuring the change in rate
of glucose phosphorylation. However, there is a signif-
icant discrepancy among the values measured for the
kinetic parameters. Table 1 is a brief summary of the
values measured and the techniques used to obtain the
various kinetic parameters [10, 12–18].
In general, kinetic measurements of HK are per-
formed by spectrophotometric methods through the
use of an auxiliary enzyme, glucose-6-phosphate dehy-
drogenase (GPDH). GPDH reduces glucose-6-phos-
phate with the conversion of NADP to NADPH,
which is optically active. Since the presence of a cou-
pling enzyme with additional substrates complicates
the assay system and may interfere with the kinetic and
inhibition study, a more direct assay is needed to
facilitate kinetic measurements for HK. Recently, Gol-
bik et al. [12] developed an acid-base dye-indicator
linked assay to study this enzyme. In their method, they
monitored the decrease in absorbance at 400 nm of
p-nitrophenolate due to the change in pH induced by
the enzymatic reaction of hexokinase. However, the
possible interference caused by addition of an organic
compound is still a limitation in this method. Compared
with the above spectrophotometric assay, significant
advantages have been observed by using mass spectro-
metry coupled with soft ionization methods such as
electrospray ionization (ESI) [19–33], and fast atom
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bombardment (FAB) [23] to directly monitor product
and/or substrate for kinetic studies. Our laboratory has
developed a novel strategy for the determination of
enzyme kinetics using electrospray ionization with an
ion trap mass spectrometer [24]. By monitoring the
formation of the product directly by mass, chromopho-
genic substrates or products are not necessary. In addi-
tion, a single-point normalization factor is generated
through the use of an internal standard, therefore a
calibration curve is not required and the total analysis
time is approximately the same as that of the standard
spectrophotometric assay. This method can be applied
to study steady-state kinetics for most enzyme systems,
provided that there is a mass change between the
products and reactants and a suitable internal standard
with comparable structure and ionization efficiency to
the product or the substrate.
Herein we demonstrate the applicability of this
ESI-MS assay in the kinetics study of hexokinase. The
value of KM and Vmax for both substrates, glucose and
ATP were determined by monitoring the product glu-
cose 6-phosphate directly. In addition, a mock library of
possible inhibitors was screened against HK immobi-
lized onto amino-link gel following the IEMS (immobi-
lized enzyme coupled with mass spectrometry) assay
developed previously in this lab [25]. Several potent
inhibitors were differentiated from weak or non-inhib-
itors. Using the above kinetic essay, the product inhibi-
tion behavior of ADP was also investigated and the
value of Ki was determined. Thus, a mass spectrometry
based assay is shown to be successfully utilized for both
screening of potential ligand binders and for determin-
ing kinetic constants for this important enzyme, hexoki-
nase.
Experimental
Materials
All chemical reagents were obtained from commercial
suppliers and used without further purification. Glu-
cose, ATP in magnesium salt with Mg:ATP at 2:3, ADP,
and all the compounds in the mock library as listed in
Table 1 were from Sigma (St. Louis, MO). Yeast hexoki-
nase (specific activity 120 u/mg protein) was purchased
from Calbiochem (San Diego, CA). The amino link
coupling gel (4% cross-linked beaded agarose, 50%
slurry) and all the buffers used in the enzyme immobi-
lization were purchased from Pierce (Rockford, IL).
Instrumentation
For the kinetic assay, a Finnigan (San Jose, CA) LCQ-
classic ion trap mass spectrometer equipped with ESI
source for ionization was used. The sample was injected
through a 5 L injection loop and delivered at a flow
rate of 20 L/min using a Harvard syringe pump. The
capillary temperature and the spray voltage were kept
at 175 °C and 3.5 kV, respectively. The product ion and
the internal standard ion were monitored in the nega-
tive ion mode using selected ion monitoring (SIM). The
chromatogram of the Qual Browser program (Thermo
Finnigan) was used to monitor the delivery and ioniza-
tion of each sample, and 20 scans for each chromato-
Table 1. Kinetic constants of HK from the literature
KM (mM) for
glucose
KM (mM) for
ATP Ki (mM)
a Source of HK Detection Referencesb
0.235  0.041 2.857  0.098 Yeast, Sigma Spectrophotometry 10
0.21  0.013 0.071  0.011 S. cerevisiae,
self expression
Acid-base dye-
indicator linked assay
12
0.138  0.002 0.269  0.02 ADP vs. ATP:
Kic  1.2  7.4%
Yeast, sigma Trapped-flow
fluorescence
13
0.1 0.063  0.004 Glc6P vs. Glc:
Kic  80  30
Kiu  200  15
Yeast, sigma Spectrophotometry 14
0.1097  0.022 0.0886  0.0106 ADP vs ATP:
Kic  1.45
ADP vs Glc:
Kiu  5.56; Kic  2.38
S. pombe
(fission yeast)
self-expression
Spectrophotometry 15
HK1: 0.041 Hk1: 0.09 ADP vs ATP
HK1: Kic  0.04
Potato tubers
Self-expression
Spectrophotometry 16
HK2: 0.13 HK2: 0.28 HK2: Kic  0.108
Glc6P vs Glc
HK3: 0.035 HK3: 0.56 HK1: Kic  4.1
0.21  0.02 Yeast, sigma Spectrophotometry 17
0.04 Reticulocytes 18
0.06 Erythrocytes 18
0.125 Reticulocytes 18
aKiu: non competitive inhibition constant; Kic: competitive inhibition constant.
bThe number of references is the same as that in the text. Abbreviations used in this table: HK1, HK2, HK3: Different isoforms of hexokinase; Glc:
Glucose; Glc6P: Glucose 6-phosphate; ADP: Adenosine 5'-diphosphate; ATP: Adenosine 5'-triphosphate.
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gram peak were averaged to obtain the data for further
quantification.
For inhibitor screening, a Bruker Daltonics (Billerica,
MA) FT-ICR mass spectrometer equipped with an ac-
tively shielded 7 tesla superconducting magnet was
used. Both nebulizing and drying gases were main-
tained at 25 psi. The solution of library components
before and after incubation was infused into an Ana-
lytica electrospray source (Bradford, CT) at a rate of 2
l/min and ionized in the negative mode. Ions were
externally accumulated in a radio frequency-only hexa-
pole for 1-2 s before transfer into the ICR cell for
analysis. Spectra were taken from an average of 32
transients composed of 1M data points using XMASS
Version 5.0.10 (Bruker-Daltonics).
Enzyme Kinetic Assay
All kinetic experiments were carried out in 10 mM
ammonium acetate buffer, pH 7.5, at room temperature
with gentle rocking. Enzyme reactions were initialized
by adding aliquots of HK solution, quenched after a
certain amount of time in methanol containing the
internal standard, and then analyzed directly on the
LCQ in selected ion monitoring mode. To measure the
KM and Vmax of the substrates, the concentration of one
substrate was varied with the concentration of the other
substrate kept at a constant saturated value. For inhibi-
tion studies of ADP with respect to ATP, a series of
samples were prepared by varying the concentration of
ATP and ADP with the concentration of glucose held
constant. The concentration of the product glucose-6-
phosphate was measured through a single point nor-
malization factor with the use of an internal standard.
The value of Vmax and KM were calculated based on the
saturation plot using the Grafit program (Erithacus
Software Corp., Horley, Surrey, UK). The inhibition
mode of ADP with respect to ATP was evaluated by
analyzing the pattern of the double reciprocal plots. The
Ki value was calculated from the secondary plot [3].
Inhibitor Screening
The detailed procedure of immobilizing an enzyme
onto amino-link gel and screening an inhibitor library
against the immobilized enzyme has been described
previously [25]. For hexokinase, the coupling buffer
was 0.01 M sodium phosphate, pH 7.5, the quenching
buffer was 0.01 M ethanolamine HCl, pH 7, the washing
buffer was 0.05 M sodium chloride and the incubation
buffer was 0.02 M ammonium acetate, pH 7.5. Enzyme
immobilization yields were determined by comparison
of the amount of enzyme present before and after
coupling to the gel [25]. Enzyme concentrations were
determined by their absorbance at 280 nm using UV/
VIS spectrophotometry. The coupling efficiency was
calculated according to E%  (1  A'V'/A0V0)  100%,
where A' and V' refer to the absorbance and volume of
the enzyme solution washed from the column after
coupling, while A0 and V0 refer to the values for the
enzyme solution before immobilization onto the gel.
The activity of immobilized enzyme was checked by
incubating 250 L of 4 mM glucose and 250 L of 8 mM
ATP with the gel for a 3 min reaction time and com-
paring the calculated catalytic constant with that ob-
tained in solution phase. The inhibitor library was
prepared at a final concentration of 4 M for each
compound. A 250 l aliquot of the library solution was
incubated with the immobilized enzyme for 1 h at room
temperature with gentle rocking. The amount of immo-
bilized enzyme was estimated to be 160 nmol, while the
total amount of library components was 14 nmol, thus
ensuring a molar excess of enzyme to ligands. The
incubation mixture was centrifuged for 5 min at 3000 g
and 40 l of supernatant was taken out and mixed with
160 l of MeOH for electrospray ionization.
Results and Discussion
Kinetic Measurements of KM and Vmax for the
Substrates
For the quantification of glucose 6-phosphate, 2 deoxy-
glucose 6-phosphate was used as the internal standard.
Based on the similarity in their structures, both com-
pounds should possess similar ionization efficiencies.
The structures for the internal standard (1) and the
product (2) are shown in Figure 1. It is important to note
that the instrument response is similar for both com-
pounds, and thus a single point normalization factor
could be used according to eq 1:
R  IP/IIS/Product	/Internal standard	 (1)
where IIS is the intensity of the internal standard ion
and Ip is the intensity of the product ion. The intensity
ratio of the two ions is thus related to their concentra-
tion ratio through the normalization factor. R was
calculated to be 0.8 with a standard deviation of 0.05
when the concentration of glucose 6-phosophate varied
from 0.5 to 50 M with the concentration of the internal
standard held at 10 M (data not shown). This dynamic
range was wide enough for product quantification in
the kinetic measurements. By rearranging eq 1, the
Figure 1. Structures of internal standard (1) and product (2).
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product concentration can be determined according to
eq 2, and the initial velocity of the enzyme reaction is
further calculated by dividing the product concentra-
tion by the reaction time.
Product	  IP/IIS  Internal Standard	/R (2)
Before measuring the kinetic parameters for hexoki-
nase, two reaction progress curves were generated by
monitoring the formation of product as a function of
time (Figure 2a) and as a function of enzyme concen-
tration (Figure 2b) to determine the optimum quench-
ing time and enzyme concentration. To ensure the
utilization of initial rate velocities for the calculation of
KM and Vmax according to steady-state kinetics, the
optimum quenching time and enzyme concentration
should be within the linear region of each progress
curve with the conversion percentage of the substrates
as low as possible. Considering the lowest concentra-
tion of substrate needed for the determination of KM
(0.2 KM), the detection limit by our ESI-MS assay, and
the feasibility of manual quenching, an optimum
quenching time of 3 min and optimum enzyme concen-
tration of 0.4 g/mL were selected. Under this opti-
mized condition, a series of enzymatic reactions were
carried out by varying the concentration of one sub-
strate and holding the concentration of the other con-
stant to obtain the values of KM. Figures 3a and 4a are
the saturation plots of glucose and ATP respectively.
The good linearity of the Lineweaver-Burk plots for
both substrates shown in Figures 3b and 4b demon-
strate the accuracy of application of steady-state kinet-
ics in this assay. Average values of KM and Vmax for
glucose were determined to be 0.13  0.02 mM and
156.0  7.1 mol/mgmin, respectively. The apparent
KM value for ATP, when considering the sum of free
ATP and ATP in magnesium complex as the substrate,
was calculated to be 0.10  0.004 mM and Vmax for ATP
was calculated to be 141.2  12.0 mol/mgmin. All
kinetic parameters are reported based on three replicate
experiments. The values obtained using the mass spec-
trometry based assay are well within the range of
values obtained by other investigations (Table 1). Based
on our experience, it would appear that the differences
in ionic strength (i.e., Mg2 concentration) may be
responsible for the range of values measured.
Figure 2. (a) Progress curve of product formation as a function of reaction time. The concentration
of hexokinase was 1 g/mL. (b) Progress curve of product formation as a function of hexokinase
concentration. The reaction time was 3 min. For both experiments, the concentrations of glucose and
ATP were kept at 0.1 mM each.
Figure 3. Saturation plot (a) and Lineweaver-Burk plot (b) for glucose. The concentration of glucose
was varied from 0.0125 to 1.6 mM and the concentration of ATP was kept at 1 mM; unit of glucose
concentration is mM; unit of velocity is mol/mgmin.
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Inhibitor Screening
Several research groups have been developing novel
inhibitors for hexokinase [3, 26–28], thus a multiplexing
method for screening inhibitors would facilitate this
process. Siuzdak and co-workers reported the applica-
tion of quantitative electrospray mass spectrometry for
screening libraries of inhibitors of enzymatic reactions
of beta-1,4-galactosyltransferase [29] and glycosidases
[30]. Recently, the IEMS assay developed in this lab has
also been shown to be advantageous for fast inhibitor
screening using several different enzymes [25, 31, 32].
In this assay, the enzyme is immobilized onto amino-
link gel through reduced amination, and a library of
compounds is incubated with the immobilized enzyme.
Mass spectra are taken before and after incubation and
compared. The applicability of this IEMS assay for
hexokinase was tested using a mock library of known
inhibitors and non-inhibitors, as listed in Table 2. Ap-
proximately 5 mg of lyophilized HK was introduced
onto the amino-link gel following the procedure speci-
fied in the experimental section. The immobilization
efficiency was calculated to be 72% as described above.
The catalytic constant, Kcat for the immobilized enzyme
was calculated to be 1.67 min1, while under the same
conditions, a value of 1.06 min1 was measured in the
solution phase, thus indicating retention of catalytic
activity.
Figure 5 is the negative mode FT-MS spectra for the
library before and after incubation with the immobi-
lized hexokinase. The ion corresponding to each com-
ponent is labeled with its compound number as listed in
Table 2. The ion at m/z 633.1 represents the sodium
adduct of oxidized glutathione, while the ion at m/z
382.5 corresponds to coenzyme A with two negative
charges. The ions at m/z 788.1 and 810.1 correspond to
coenzyme A with the adduction of one and two so-
dium, respectively. Here the advantage of using FT-MS
instead of an ion trap for inhibitor screening was
demonstrated. Due to the high resolution and high
mass accuracy of FT-MS, each component in the library
can be identified from a complicated matrix without
ambiguity based on its measured mass, which was
shown to be within 3 ppm deviation from the calculated
mass as shown in Table 2. Specifically, the compound
Figure 4. Saturation plot (a) and Lineweaver-Burk plot (b) of ATP. The concentration of ATP was
varied from 0.0125 to 0.8 mM and the concentration of glucose was kept at 5 mM; Unit of ATP
concentration is mM; unit of velocity is mol/mgmin.
Table 2. Composition of the mock library and screening results
Compound
Elemental
composition
Exact mass
at [M  H]
Measured
mass by
FTMS
Expected
binding
statusa
Percent
decrease
1 D-Ribose 5-phosphate C5H11O8P 229.0119 229.0116 N 2.90
2 Glucose 6-phosphate C6H13O9P 259.0224 259.0221 P 54.33
3 Reduced glutathione C10H17N3O6S 306.0765 306.0762 I 54.46
4 Glucose 1,6-diphosphate C6H14O12P2 338.9888 338.9882 P 15.74
5 Adenosine 5'-monophsophate (AMP) C10H14N5O7P 346.0558 346.0554 I 51.43
6 Uridine 5'-diphosphate (UDP) C9H14N2O122 402.9949 402.9941 P 51.86
7 Trehalose 6-phosphate C12H23O14P 421.0753 421.0743 I 90.88
8 Adenosine 5'-diphosphate (ADP) C10H15N5O10P2 426.0221 426.0216 I 91.31
9 Guanosine 5'-diphosphate (GDP) C10H15N5O11P2 442.0171 442.0169 N 31.27
10 Uridine 5'-diphosphate-glucose (UDPG) C15H24N2O17P2 565.0477 565.0473 P 62.46
11 oxidized glutathione C20H32N6O12S2 611.1447 611.1440 I 82.87
12 Coenzyme A C21H36N7O6P3S 243.0275 766.105 N 54.09
Internal standard: 2deoxy-glucose 6-phosphate C6H12O8P 243.0273
aN: noninhibitor; P: Possible inhibitor; I: Inhibitor.
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glucose 1,6-diphosphate at m/z 338.9882 could be differ-
entiated from an isobaric impurity at m/z 339.0124.
Comparing these two spectra, it was observed that the
relative ion abundance for several compounds, such as
trehalose 6-phosphate and ADP, greatly decreased after
incubation whereas several other compounds, such as
ribose 5-phosphate and glucose 1,6-diphosphate, re-
mained relatively the same. In order to quantitatively
show the changes for each component after incubation,
2 deoxy-glucose 6-phosphate was again used as an
internal standard, and the percent decrease was calcu-
lated using the relative abundance according to eq 3.

I%  Iafter/Ibefore 1  100% (3)
In this case, Iafter and Ibefore is the ratio between the
relative ion abundance of each component and that of
the internal stand before and after incubation, respec-
tively; 
I% is the percent decrease after incubation. The
calculated result for each component is listed in Table 2,
where trehalose 6-phophate, ADP, and oxidized gluta-
thione could be identified as relatively strong inhibitors,
which agrees with their expected binding properties
[18, 33–35]. Ribose 5-phosphate and glucose 1,6-diphos-
phate appear to be relatively weak inhibitors or non-
inhibitors. A previous publication [36] showed that
palmitoyl-coenzyme A was a non-inhibitor for yeast
hexokinase, while in our experiments, the relative abun-
dance of coenzyme A decreased more than 50% after
incubation. In general, this IEMS assay could success-
fully identify strong binders from weak binders with
relatively easy manipulation. What is not apparent is
whether ligands are specific or non-specific binders [31,
32]. In order to differentiate between these two types of
binders, inhibition studies by kinetic experiments are
required. The purpose of the multiplex screening ap-
proach is to identify “ possible strong binders” and then
verify that they are specific binders using the kinetics
assay.
Inhibition Study of ADP with Respect to ATP
After demonstrating the binding affinity of the known
product inhibitor ADP using the above screening pro-
cedure, the inhibition pattern and inhibition constant
were investigated with the ESI-MS kinetic assay. Figure
6 is the chromatogram showing the intensity of the
product as the concentration of ATP is increased from
0.025 mM to 0.2 mM at the following concentrations of
ADP: 0 mM, 0.25 mM, 0.5 mM, and 0.75 mM. The
decrease in the ion intensity of the product at higher
ADP concentration clearly indicated its inhibition effect.
By plotting the double reciprocal plots (first plot) of
ATP at all the concentrations of ADP, the inhibition
pattern can be identified. As shown in Figure 7a, all the
double reciprocal lines intersect at the same point along
the y axis, which agrees with the previously reported
competitive inhibition behavior of ADP with respect to
ATP [18]. To further determine the inhibition constant
Ki for ADP, a secondary plot, which illustrates the
relationship between the slopes of the Lineweaver-Burk
lines and the concentration of ADP, is shown in Figure
7b. The value of Ki can be determined according to the
equation for the secondary plot (eq 4), which is calcu-
lated to be 0.122  0.003 mM in this case.
The secondary plot: 1st slope KM/Vmax
 1  ADP	/Ki (4)
Figure 5. Negative mode FT-ICR spectra before (a) and after (b) incubation with the immobilized
hexokinase. The inset is the expanded region for Compound 3 showing the resolution of isobaric ions.
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2ndIntercept/2ndSlope KM/Vmax/
KM/Bmax/Ki  Ki (5)
The difference between the Ki values reported here and
those from the literature [14, 15, 18] may be due to the
difference in the buffer conditions. In our kinetic mea-
surements, the magnesium salt of ATP with a Mg:ATP
ratio of 2:3 was used as the second substrate, and no
additional Mg2 was added into the buffer, while in
other spectrophotometric measurements, a buffer sys-
tem with constant concentration of Mg2 was usually
used [14, 15]. The effects of Mg2 concentration on the
kinetics of this enzyme are currently under investiga-
tion in our laboratory.
Conclusion
A novel ESI-MS kinetics assay has been successfully
applied to hexokinase. Kinetic constants, KM and Vmax,
for the two substrates of HK were determined. HK was
successfully immobilized onto amino-link gel through
reduction amination with retention of catalytic activity.
Known inhibitors, including ADP, were identified by
screening a mock library against the immobilized HK
and analyzed using ESI-FTMS. Competitive inhibition
behavior of ADP with respect to ATP was demon-
strated and the value of Ki was determined. The kinetic
parameters for hexokinase obtained here are within the
range of values previously reported, and are believed to
be accurate. Since no chromophore or radio labels are
required in the ESI-MS assay, and the analysis time is
comparable to standard UV techniques, the mass spec-
trometry-based assay is expected to be more convenient
and accurate than traditional methods, especially for
those enzymes with no UV active substrates or prod-
ucts. In addition, if combined with fast mixing tech-
niques, such as stopped flow, the ESI-MS assay can be
further applied to monitor the enzymatic reaction con-
Figure 6. Chromatogram obtained from the inhibition experiments by monitoring the ion intensity
of the product. Within each series of samples, the concentration of ADP was varied from 0 to 0.75 mM.
The concentration of ATP was 0.025 (1), 0.05 (2), 0.1 (3), and 0.2 (4) mM.
Figure 7. (a) Double reciprocal plots showing the inhibition behavior of ADP. From the bottom to the
top lines, the concentration of ADP was 0, 0.25, 0.5, and 0.75 mM. (b) Secondary plot for the calculation
of Ki. Unit of ATP concentration is mM; unit of velocity is mol/mgmin.
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tinously. In this way, the initial velocity is determined
from the slope in the real time plot of the product
formation or substrate consumption, which is more
accurate than the analysis of quenched samples.
Through stopped-flow ESI-MS assay, pre-steady state
kinetics is also achievable to measure transient rate
constants by following the formation of enzyme-sub-
strate complex in real time. Future work in this labora-
tory will be focused on the inhibition study of synthetic
inhibitors and applying the technique to other phospho-
transferases that are, thus far, not well characterized.
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